To investigate the prevalence of Toxoplasma gondii in pork on the market in Korea, an in-house enzyme-linked immunosorbent assay for tissue fluid (CAU-tf-ELISA) was developed using a soluble extract of T. gondii RH strain tachyzoites. As the standard positive controls, the piglets were experimentally infected with T. gondii: Group A (1,000 cysts-containing bradyzoites), Group B (500 cysts-containing bradyzoites) and Group C (1.0× 10 3 or 1.0× 10 4 tachyzoites). The CAU-tf-ELISA demonstrated infection intensity-dependent positivity toward tissue fluids with average cut-off value 0.15: 100% for Group A, 93.8% for Group B and 40.6% for Group C. When tissue-specific cut-off values 0.066-0.199 were applied, CAU-tf-ELISA showed 96.7% sensitivity, 100% specificity, 100% positive and 90.0% negative predictive values. When compared with the same tissue fluids, performance of CAU-tf-ELISA was better than that of a commercial ELISA kit. Of the 583 Korea domestic pork samples tested, anti-T. gondii antibodies were detected from 9.1% of whole samples and 37.9% from skirt meat highest among pork parts. In the 386 imported frozen pork samples, 1.8% (skirt meat and shoulder blade) were positive for anti-T. gondii antibodies. In Korea, prevalence of anti-T. gondii antibodies in the pork on retail markets appeared high, suggesting that regulations on pig farming and facilities are necessary to supply safe pork on the tables.
INTRODUCTION
Toxoplasma gondii has been recognized as a protozoan of great medical relevance [1] . Although most human infections of T. gondii are asymptomatic or exhibit only mild symptoms, the infections can progress to a chronic phase, especially in the central nervous system. In immunocompromised individuals, T. gondii infection can also be reactivated and cause toxoplasmic lymphadenitis, meningoencephalitis, and/or ocular toxoplasmosis. In Europe, Australia, and North America, the prevalence of T. gondii antibody ranges from 37% to 58% among fertile women, whereas Southeast and East Asian countries have a relatively lower rate of infections [2] . In Korea, surveys on toxoplasmosis among various patient groups demonstrated a seroprevalence rate of 1.9-13.2% [3] [4] [5] . Recently, the seroprevalence in Korean residents was reported to increase, reaching 13.2-25.8% [6] [7] [8] , which is mainly attributed to the increased consumption of local or imported pork, or other animal meat at risk of T. gondii infection [9, 10] . In this respect, it is necessary to establish comprehensive control measures to keep meat safe for human consumption [11] .
Various diagnostic tools to detect T. gondii infection in pigs have been developed and applied, including enzyme-linked immunosorbent assay (ELISA) [12, 13] , latex agglutination test [14, 15] , modified agglutination test (MAT) [16, 17] , enzymelinked fluorescent assay [18] , and polymerase chain reaction (PCR) [19] . ELISA could be a valuable tool to improve the surveillance and reporting system for T. gondii in animal populations in farms, contributing to keeping this zoonosis from becoming widespread [20] . In a zoonotic disease survey on pigs, ELISA was shown to be an effective and sensitive method for detecting T. gondii antibodies from tissue fluids, with relatively reduced effort, time, and cost in large-scale field surveys [21] .
The aim of the present study was to develop a reliable tissue fluid-ELISA of Chung-Ang University (CAU-tf-ELISA) kit by employing standard positive controls from experimentally T. gondii-infected pigs as positive controls. The performance of the CAU-tf-ELISA kit was evaluated through comparison with a commercial kit, and both were used to survey the seroprevalence of anti-T. gondii antibodies in local and imported pork available in retail markets in Korea.
MATERIALS AND METHODS

Parasites and animals
Tachyzoites of the T. gondii RH strain were maintained by BALB/c mice passage (7-week-old female; Samtako BioKorea Inc., Osan, Seoul, Korea), with successful intraperitoneal inoculation of ascites (150-200 μl/mouse). The ascites containing tachyzoites were collected by peritoneal lavage using 2.5 ml of Dulbecco's phosphate-buffered saline (DPBS; GIBCO, Grand Island, New York, USA) from the mice on the 5th day post-inoculation. The peritoneal fluid was centrifuged at 3,000 rpm at 4˚C for 10 min and the purified tachyzoites were washed 3 times with 50 mM PBS containing 1× Complete Mini, EDTA free (Roche, Mannheim, Germany). Bradyzoites were collected from the brain tissue samples of mice infected with the T. gondii ME49 strain according to the protocol previously described by Nam et al. [22] .
All procedures and handling of piglets and mice were carried out in accordance with an Institutional Animal Care and Use Committee (IACUC) guidelines (established by The Animal and Plant Quarantine Agency, and The Ministry of Food and Drug Safety) for the care and use of laboratory animals. The experimental protocol for the present study was approved by the IACUC of Kangwon National University (Approval Number KW-130916-1). This included daily monitoring of the health of the experimental animals. Animals were cared by a large staff of highly qualified veterinarians, veterinary technicians, and animal caretakers. Serum samples were collected, and the piglets were autopsied at the Animal Hospital in the College of Veterinary Medicine, Kangwon National University, Chuncheon, Korea. For the detailed, see the 'Piglets infected with T. gondii experimentally' section.
Piglets infected with T. gondii experimentally
Thirteen siblings of 4-week-old piglets (Yorkshire Landrace D1 strain; XPbio, Ansung, Korea) were confirmed to be T. gondii-negative using the CAU-tf-ELISA kit (See details in the 'Preparation of CAU-tf-ELISA plates' section) and then delivered to the Medium Animal Laboratory in the College of Veterinary Medicine, Kangwon National University. For all experiments, animals were housed in groups in indoor facilities from time of inoculation until euthanasia. The piglets were divided into 3 groups as follows: Group A (n = 2) was infected by orally feeding 1,000 cysts (bradyzoites); Group B (n = 4) was infected with 500 cysts; Group C (n= 4) was injected with the tachyzoites (2 each with 1.0× 10 3 and another 2 each with 1.0× 10 4 ) of the T. gondii RH strain into the jugular vein using a syringe; and Group D (n= 3) as the normal control group, reared in an isolation ward.
The piglets were fed restricted food for 7 weeks, and the body temperature and weight were measured every week. Blood samples were taken from the jugular vein before the infection and every week thereafter. Sera were separated from the blood and kept at -20˚C until use. Seven weeks after infection, the piglets were autopsied at the Animal Hospital in the College of Veterinary Medicine, Kangwon National University. The internal organs (heart, lung, liver, tongue, and spleen) and parts of the pork such as the shoulder picnic, ham, belly, shoulder blade, skirt meat, loin, and tenderloin were resected and stored at -20˚C until use.
Preparation of CAU-tf-ELISA plates
The tachyzoites were sonicated on ice in 0.1 ml of 50 mM PBS containing 1× Complete Mini for 5 min. The homogenate was centrifuged at 13,000 rpm at 4˚C for 10 min and the supernatant was used as the crude antigen for ELISA. The protein concentration of the crude antigen was quantified using the Bio-Rad protein assay (Bio-Rad, Hercules, California, USA) and stored as aliquots at -20˚C until use. The crude antigen was diluted to 5 μg/ml with 0.05 M carbonate buffer (pH 9.6). Twohundred microliters of the diluted antigen was added to each well of a 96-well plate and kept at 4˚C overnight. The plate was then rinsed with 300 μl of PBS/0.05% Tween-20 (PBS/T) 3 times. Following steps were performed as described below.
Optimization of the CAU-tf-ELISA kit
Tissue fluids and serum samples collected from Group A (n= 18), Group B (n= 36), and Group C (n= 36) were used as positive controls, and the samples from Group D (n = 27) were used as normal controls. The diagnostic performances (sensitivity, specificity, positive predictive value, and negative predictive value) of CAU-tf-ELISA were evaluated and compared with those of Toxoplasma commercial ELISA Kit S (hereafter referred to as Commercial kit S). For CAU-tf-ELISA, the tissue fluid and serum samples of the pigs were diluted with PBS/T at 1:100 and 1:10, respectively. Each sample was added to T. gondii antigen-coated wells (200 μl/well) and incubated at 37˚C for 1 hr. After rinsing with 250 μl of PBS/T 3 times, a secondary antibody, 200 μl of horseradish peroxidase-conjugated anti-swine IgG (Jackson ImmunoResearch Laboratories, West Grove, Pennsylvania, USA) (1:10,000 in PBS/T), was added and incubated at 37˚C for 1 hr. After washing, 200 μl of substrate buffer containing 0.01% o-phenylenediamine dihydrochloride and 0.025% H2O2 was added to each well. The reaction was stopped with 25 μl of 8 N H2SO4. The optical density was measured at 490 nm (OD490) and recorded using a microplate reader (Molecular Devices, Sunnyvale, California, USA) [23] . The cut-off value was set with a value of mean± 2 standard deviations (SD) of Group D (normal control) for CAU-tf-ELISA. All ELISAs were independently repeated in quadruple. The ELISA using the Commercial kit S was performed in accordance to the manufacturer's instruction, and the cut-off value of OD450 = 0.3 was applied as recommended by the manufacturer.
Survey on local and imported pork using the CAU-tf-ELISA kit
Local pork was surveyed for the antibodies against T. gondii at several markets in major cities of Korea, such as Seoul, Daejeon, Daegu, Busan, Gwangju, and Jeju. Twenty samples with 5 samples each of the heart, skirt meat, belly, loin, and shoulder picnic were purchased at retail meat shops. The pork loaves were transported to our lab of Chung-Ang University College of Medicine in coolers and stored at -20˚C until use.
The imported pork (pork belly, skirt meat, shoulder blade, and shoulder picnic) samples were purchased frozen from registered wholesale dealers in the local market. More than 20 packs (500 g per pack) of each part were purchased originating from several countries, including Austria, Belgium, USA, Chile, France, Hungary, Spain, the Netherlands, and Germany. The packed pork samples were transported and kept frozen until tested.
Tissue fluid samples were collected as described previously [16, 24, 25] . The frozen pork samples were thawed on the lab bench for 20 min at room temperature. The middle part (50 g) of the pork was cut out and stored at 4˚C overnight in a zipperlocked plastic bag. The next morning, the liquid that oozed from the pork was transferred to a microfuge tube and spun at 13,000 rpm at 4˚C for 5 min. The supernatant was collected and stored at -20˚C until analysis. Two tissue fluid samples each from each frozen pork sample were prepared independently.
Statistical analysis
Statistical analyses were performed using GraphPad Prism 5 software (GraphPad Software Inc., La Jolla, California, USA). Correlation between the values of OD450 measured using the 2 kits were assessed using the rho-squared test. The Kruskal-Wallis test or Mann-Whitney test was used to determine differences between the groups. Chi-squared or Fisher's exact tests were used to determine differences in the number or percentage of positivity between the groups. Differences were considered significant at P < 0.05.
RESULTS
Features of the standard positive controls
In the piglets experimentally infected with T. gondii as the standard positive controls, the body temperature increased to 40.2˚C for Group B from day 2, and to 39.6˚C and 40˚C for Group A and Group C from day 5, respectively. From day 11 after infection, the increased body temperature subsided to the normal range. This febrile fluctuation after T. gondii administration proved that the piglets had acute toxoplasmosis and remained in a resilient/chronic phase [26, 27] . This confirmed the successful establishment of the T. gondii-infected piglet groups as the standard positive controls using both bradyzoites and tachyzoites at 7 weeks.
In the sera of the standard positive controls, T. gondii-specific antibodies began to increase from 2 weeks and reached the peak level that was sustained during the infection. At the 7th week after infection, the titer of anti-T. gondii antibody was 0.56± 0.32 in Group A, 0.45± 0.25 in Group B, and 0.34± 0.16 in Group C (Fig. 1) .
Performance of CAU-tf-ELISA
For the CAU-tf-ELISA, the overall cut-off value (OD490) was determined to be 0.15 based on the assay on tissue fluids of all pork parts in the control piglets (Group D). The CAU-tf-ELISA demonstrated infection intensity-dependent positivity toward tissue fluids of the standard positive controls, with Table 3 ). 100% positivity detected due to heavy infection (Group A), 93.8% due to moderate infection (Group B), and 40.6% due to light infection (Group C) ( Fig. 2A ; Table 1 ). The positive rates of the pork varied according to the parts of the meat as follows: 100% for the serum and heart, 90.0% for skirt meat and tenderloin, 70.0% for loin and pork belly, 60.0% for shoulder picnic and shoulder blade, and 50.0% for ham of the standard positive controls. The Commercial kit S, with a cutoff value (OD450) fixed at 0.3, showed lower positivity rates overall, with half the rate detected using the CAU-tf-ELISA ( Fig.  2B ; Table 1 ). As shown in Table 2 , the overall diagnostic performance of CAU-tf-ELISA was better than that of the Commercial kit S in terms of sensitivity, specificity, positive predictive value, and negative predictive value.
When tissue-specific cut-off values of 0.066-0.199 were applied according to each meat portion, the CAU-tf-ELISA detected anti-T. gondii antibodies from almost all of the tissue fluids, showing positivity in 96.3% of the pork from standard positive controls, with no antibodies detected in the normal control group piglets. The Commercial kit S showed a similar, but lower, rate of antibody detection (91.3%) but also showed cross-reactivity to the tissue fluids (12.5%) of the normal control group piglets (Figs. 2C&D; Table 3 ). The diagnostic performance was very good, with high values of sensitivity, specificity, positive predictive value, and negative predictive value ( Table 2 ). The performance correlation between the CAU-tf-ELISA kit and Commercial kit S was evaluated in terms of the OD490 values. The CAU-tf-ELISA results were correlated with (Fig. 3) .
Pork on the Korean markets
In Korea, the local pork available on the retail market includes pork belly, the most popular, shoulder picnic and loin, and visceral appendages, including the heart and skirt meat. A total of 604 local pork samples were collected from 6 major cities across Korea. Tissue fluids were collected from 583 local pork samples, which revealed 9.1% positivity for anti-T. gondii antibodies (Table 4) . Of the 53 antibody-positive local sam- Table 3 . ples, 44 were skirt meat, 8 were hearts, and one was pork belly. All of the shoulder picnics and loins were negative for T. gondii. Anti-T. gondii antibody positive-pork samples were detected in all 6 cities sampled. The positive rate of anti-T. gondii antibodies ranged from 2.0% in Seoul to 15.5% in Busan. The skirt meat was found to be positive for the antibody in all cities, the heart was positive in 4 cities, and pork belly was positive in only one city (Table 5) .
For the foreign pork, a total of 390 frozen pork samples collected were imported from several countries in North America, Central and South America, and Europe. Of the foreign pork samples, 1.8% (7/386) were positive for anti-T. gondii antibodies. The skirt meat and shoulder blade imported from Mexico and Spain were antibody-positive (Table 4) .
DISCUSSION
The consumption of pork has been increasing annually in Korea along with socio-economic development and Westernlike changes in dietary and lifestyle habits. Any part of the T. gondii-infected pork can be considered as a main source of human infection, since T. gondii has been found in most portions of the meat [9, 10, 28] . However, it is hard to find information on the extent of contamination of T. gondii tachyzoites and/or bradyzoites in pork on the retail market in Korea.
ELISA is one of the most reliable diagnostic methods to estimate the seroprevalence of toxoplasmosis [25, 29] . It precisely assays IgG, IgM, IgA, and IgE antibodies. To support accurate serological interpretation and further assay optimization, it is important to establish proper positive controls [16, 25, 26, 30] . Practically, naturally T. gondii-infected pigs are good references. However, the results can neither be accurately quantified nor interpreted since information on the parasite burden and infection date is scarce. For this purpose, we established experimentally T. gondii-infected piglets as standard positive controls. High antibody levels were maintained in all experimental groups infected with either bradyzoites or tachyzoites. Based on the standard positive controls, the CAU-tf-ELISA kit was developed in-house using the crude antigen of the T. gondii RH strain tachyzoites. Whole tachyzoite antigen has been reported to act as a good antigen since it showed higher relative sensitivity in ELISA than in the MAT [20, 24, 25] . Tissue fluid samples can be useful for the routine diagnosis of T. gondii infection since they can be obtained at slaughter houses. Moreover, strong correlations between tissue fluids and sera were reported in ELISAs [12, 31] . Among the standard positive controls, Group A piglets showed the highest antibody titer (0.56± 0.32) although the piglets of Groups B and C had severe acute febrile illness. Based on the standard positive controls, the CAU-tf-ELI-SA kit exhibited better sensitivity and negative predictive values than the Commercial kit S. Different antibody titers among Groups A, B, and C are associated with the pathogenicity of T. gondii strains and the infection dose [32] . In our study, antibody-positive rates were different according to the tissue fluids obtained from different parts of the pork. In the CAU-tf-ELISA tests, the heart, skirt meat, and tenderloin showed high positivity rates at more than 90%, whereas the other parts presented moderate (sirloin and pork belly) to low (shoulder picnic, ham, and shoulder blade) positivity rates. Fundamentally, the level of antibody in tissue fluids could be affected and dependent on the blood supply and cellular density of the tissues [33, 34] . The organs with high tissue density that undergo continuous movement, such as the heart and skirt muscle, could be expected to show relatively higher antibody positivity. Moreover, positive rates can be different between experimentally and naturally infected pork [20] .
The in-house CAU-tf-ELISA kit manufactured using these well-designed positive controls produced better sensitivity and negative predictive values than the Commercial kit S. Different cut-off values, 0.15 for the CAU-tf-ELISA kit and 0.3 for the Commercial kit S, might have influenced the results of diagnostic performance. This is consistent with previous findings [35] , in which the authors compared 4 commercial ELISA kits for detectability of anti-T. gondii antibodies in the meat fluid of slaughtered pigs using MAT as a reference. The use of cut-off values (0.07-0.50) other than the thresholds preset by the manufacturers produced the highest accuracy.
To overcome the limitation of the fixed cut-off value and the heterogeneity of source tissues, we applied tissue-specific cutoff values for both kits. Tissue-specific cut-off values (0.066-0.199) of the CAU-tf-ELISA improved diagnostic performances, with all samples being positive (100%) except for ham samples. Application of tissue-specific cut-off values is therefore significantly useful for the more sensitive detection of anti-T. gondii antibodies in the tissue fluids. Unfortunately, there is no evidence related to the seroprevalence for ham (or thigh) samples of pigs.
The Korean local pork in retail markets showed a 9.1% positive rate for anti-T. gondii antibodies in this study, reflecting a decline in prevalence during the last 5 decades, reported at 10-58.6% in the 1980s [32, 36] and 16.8% in 2009 [36] . This decrease could be attributed to less exposure to typical T. gondii infection sources which are improvement of pig farming facilities and strengthened regulations. Nevertheless, anti-T. gondii antibody was still detected in over 12% of the pork samples collected from Busan, Daegu, and Jeju. When focused on skirt meat, more than half of the pork samples collected in these 3 cities were found to be positive for anti-T. gondii antibodies. As for the seroprevalence of toxoplasmosis in the residents of Korea, anti-T. gondii antibody-positive rates doubled from 5.8% in 1989 to 11.3-13.2% in 2011 on Jeju Island. The rates increased more steeply from 1.9% in 1989 to 8.0% in 2010 in Seoul. In the early 2010s, the seroprevalence was found to be 14.7-19.3% in 2010 and increased to 26.8-32.1% in 2013 in northern counties of Gyeonggi-do, close to the demilitarized zone, at the Midwest region of the Korea peninsula [3, 6, 8, 13, 37] . Although the seroprevalence has been decreasing in pigs, the prevalence of human toxoplasmosis has been increasing in recent years. This surge of human toxoplasmosis could be linked to the increased consumption of undercooked pork infected with T. gondii [9, 10] . Thus, prevention and control action/measures for swine toxoplasmosis should be enacted to block the pigs exposed to T. gondii infection sources (i.e., cat feces and infected rodents) in the farms [31, 38] . These actions should also include control measures on feral cats, since the seroprevalence of anti-T. gondii antibodies was recently shown to be high reaching up to 50% in urban and rural areas in Korea [39] .
Only some imported pork samples appeared to be positive for anti-T. gondii antibodies in the shoulder blade and skirt meat from 2 countries. This finding might reflect the prevalence of the anti-T. gondii antibodies in the pigs in these 2 countries: 11.2% in Mexico [40] and 3.4% in Spain [41] . The seroprevalence of anti-T. gondii antibodies was reported to be 2.6% in pigs on farms in the USA [42] , 2.7% in France [43] , and 8.8% in Chile [44] . There were some differences in the anti-T. gondii antibody prevalence among the imported pork and pig-raising countries. This difference could be dependent on the sample collection, including the age of the pigs and the portions of the pork, and which assay was employed. Most of these reports from other countries largely investigated the belly and shoulder of the pork. These pork samples of the standard positive controls analyzed in the present study revealed lower sensitivity for anti-T. gondii antibodies compared to those of the heart, skirt, and tenderloin. In the cases of serum antibodypositive samples, the bradyzoites and/or tachyzoites of T. gondii could be present in the tissues of the pigs. To import safe pork without T. gondii contamination, the pigs should first be tested for the presence of T. gondii antibodies in the serum before being slaughtered in their home country. Therefore, the government should take actions for health education to pre-vent human infection from contaminated pork and meat, such as hygiene, proper cooking temperatures, and other methods to inactivate T. gondii cysts in meat [11] .
A limitation of our study is the small number of piglets experimentally infected with T. gondii and normal controls although our samples were the various tissue fluids obtained from different parts of the piglets. Moreover, our results were not confirmed by bioassay [12] or PCR [19] and thus parasite density was not presented.
In conclusion, an in-house tissue fluid-ELISA kit (CAU-tf-ELISA) was developed employing experimentally T. gondii-infected piglets as the standard positive controls and was further optimized using tissue-specific cut-off values. The CAU-tf-ELI-SA kit is suggested to be practically useful for detection of T. gondii in various tissue fluids from the pork and sera for individual diagnosis as well as for surveillance on T. gondii infections. In this survey using CAU-tf-ELISA, the seroprevalence of anti-T. gondii antibodies was found to be 9.1% in the local pork and 1.8% in the imported foreign pork across retail markets in Korea. Thus, from a public health point of view, it is necessary to establish regulatory actions and control measures against foodborne toxoplasmosis in Korea.
